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Abstract

In this study, a multi-level interval fuzzy credibility-constrained programming (MIFCP) method
is developed for planning the regional-scale water-energy-food nexus (WEFN) system. MIFCP
cannot only deal with uncertainties expressed as interval parameters and fuzzy sets, but also
handle conflicts and hierarchical relationships among multiple decision departments. The MIFCP
approach is then applied to planning the WEFN system of Henan Province, China. Solutions of
three different decision targets in various hierarchy levels, five scenarios with different decision
makers’ objectives and five credibility levels toward different necessity degrees are examined.
Several findings in association with various planting structures, water resources demand, energy
consumption, fertilizer and pesticide utilizations and system benefits are achieved. Results reveal
that the future total irrigation water can decrease by 1.5% from years 2020 to 2025. They also
disclose that the total cultivated area can change by 1.9% owing to the variation of fertilizer and
pesticide change. Compared to single level programming (SLP) and bi-level programming (BP)
approaches, the MIFCP-WEFN model can help decision-makers identify the optimal agricultural
water resourceses management schemes by means of the leadership of water resources managers
as well as the feedback of two diverse followers (i.e. energy managers and agricultural

managers).

Keywords: multi-level programming; planning; scenario analysis; uncertainty;

water-energy-food nexus system



1. Introduction

1.1 Motivation

In the context of rapid global development, guaranteeing stable supply of basic important
resources can maintain the development of society (Wostl, 2019) [1]. Acceleration of
industrialization development, population growth and economic globalization are associated with
massive comsumption of water, energy and food, which will exceed the current global carrying
capacity (Steffen et al., 2015) [2]. Such phenomena cannot only be deemed as a general problem
of administration but also come into being a large number of intricacies among water, energy and
food (Liu et al., 2015) [3]. On the one hand, food transport, water treatment, farming, irrigation
and water supply require energy to sustain, while water resources can ensure stabilized energy
generation, normal crops growth, processing and food production; on the other hand, food can
also promote the development of virtual water trade and bioenergy (Liu et al., 2015; Shang et al.,
2018) [3, 4]. However, the challenge of ensuring demands of water, food and energy is
expanding accompanyed with the urbanization process (Das et al., 2015; Yu et al., 2018) [5, 6].
The deterioration of each factor may spread to other components and cause serious consequences.
The policy measure and security of water, energy or food may break the fragile balance among
the three resources through critical demand and supply mechanism (Keskinen et al., 2016; Owen
etal., 2018) [7, 8]. Therefore, formulating a high-efficiency and optimal allocation of water,
energy and food can both coordinate rapid development of various relevant departments and

guarantee social stability and harmony (Martinez et al., 2018; Wang et al., 2018) [9, 10].

1.2 Literature review

1.2.1 The nexus of water-energy, water-food and energy-food

Previously, many research works were conducted to explore management strategies of
water-energy nexus (WEN), water-food nexus (WFN) and energy-food nexus (EFN). There are
lots of studies based on the WEN and water footprint theory (Perrone et al., 2011; Yu et al., 2019)
[11, 12]. For example, Tsolas et al. (2018) [13] and Liu et al. (2019) [14] employed a graphical
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and systematic program with the purpose of identifying and eliminating surplus from
consumption and productiom of WEN system. Salmoral and Yan (2018) [15] used the theory of
virtual water and embedded energy to explore water and energy allocations in the economic
system. Khan et al. (2018) [16] proposed an integrated energy modelling for managing the WEN
system. Since agriculture is the largest water user, research on quantifying water-utilization
efficiency of agricultural products based on water footprint theory has been widely accepted. For
example, Zhang et al. (2019) [17] developed a forward water footprint theory and carried out a
new field of virtual water research. Chapagain et al. (2002) [18] analyzed the virtual water flow
at the global and national levels from a macro level through coupling virtual water trade and
water footprint. However, few studies were focused on food-energy linkages, and the relevant
studies could be divided into two major areas: energy consumption during food production and
biomass energy in agricultural sector (FAOUN, 2012; Souty et al., 2012; Xydis et al., 2017) [19,
20, 21]. In detail, Georgiou et al. (2018) [22] developed a first-principle model for optimizing the
energy configuration in food production processes. Bilandzija et al. (2018) [23] explored the
ascertain energy potential from the obtainable crops by seting up multiple scenarios. Although
the above studies can effectively handle the conflicts between the two resources, they are
incapable of handling the inter-relations among three resources (i.e. water, energy and food).
Thus the research on the relationship of water-energy-food nexus (WEFN) becomes one of the
research hotspots (Venghaus and Hake, 2018) [24].

1.2.2 The nexus of water-energy-food

Currently, many research works were conducted for optimizating WEFN from the perspective of
qualitative analysis (Karan and Asadi, 2018; Namany et al., 2019; Zhou et al., 2019) [16, 25, 26].
For example, Karan and Asadi (2018) [16] built a quantitative model to determine contribution

of water, energy or food sub-system on the entirety of durative system. Zhou et al. (2019) [26]
proposed a systematic method for considering synergy of WEFN system. However, the above
researches were based on quantitative description of the relationship among water, energy and
food. Actually, there are some uncertain parameters or variables existing in the WEFN system as
a result of subjective experience, economy fluctuation and vague observation data (Li et al., 2019;
Zeng et al., 2019) [27, 28]. For instance, Hussien et al. (2018) [29] developed a new approach
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based on risk analysis to address the uncertainties related to demand-supply counterpoise and
seasonal changes in the WEFN system. Li et al. (2019) [30] integrated multiple objectives and
random-boundary interval programing into the WEFN optimization modeling to handle
ambiguous parameters related to the undulations of fundamental resources and changements of
socio-economic activities. Mercure et al. (2019) [31] handled the impact of global environmental

and economic changes by way of four different case studies.

1.3 Research gap

Summarily, there are many research works on WEN, WFN and EFN under uncertainty (Perrone
et al., 2011; Georgiou et al., 2018; Tsolas et al., 2018; Liu et al., 2019; Yu et al., 2019; Zhang et
al., 2018) [11, 22, 13, 14, 32, 33]. Even if the above methods are effective for handling the
interactive contradictions between the two related resources while they are invalid to solve the
inter-relations among multiple resources (Venghaus and Hake, 2018; Yu et al., 2019) [24, 32]. In
addition, the previous studies for managing WEFN system are mainly based on the determinately
qualitative analysis, and the inexact optimization approaches associated with the WEFN are
limited to the uncertainty analysis from subjective experience, economy fluctuation and system
error (Karan and Asadi, 2018; Li et al., 2019; Namany et al., 2019; Zhou et al., 2019) [16, 27, 25,
26]. Actually, there exist hierarchical relationships among multiple decision departments (i.e.
water department, energy department and agriculture department), in which the objective of the
decision-maker who is prioritized shall be preferably satisfied, then the other decision-makers
will change as the priority of decision-makers change (Chen et al., 2017) [34]. Few studies are
employed to manage the real-world WEFN issues in a hierarchical order of multiple
decision-making departments involving multiple uncertainties caused by subjective experience,

economy fluctuation and system error.

1.4 Contribution

This paper aims to propose a multi-level interval fuzzy credibility-constrained programming
(MIFCP) method through coordinating fuzzy credibility-constrained programming (FCP),

multi-level programming (MP) and interval parameter programming (IPP) into one framework.
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MIFCP integrates the unique contribution of each individual technique which can better enhance
the method’s capability. Compared with the WEN, WFN and EFNsystems, WEFN system can
reflect interrelations and contradictions among multiple resouces (Georgiou et al., 2018; Khan et
al., 2018; Zhang et al., 2018) [22, 35, 33]. In comparison with research works from Hussien et al.
(2018) and Mercure et al. (2019), MIFCP can handle multiple objectives or conflicts in a
hierarchical order. Compared to the general multi-objective programming method adopted by Li
et al. (2019) [30], MIFCP has its effectiveness in dealing with hierarchical relationships among
various managers and handling uncertainties expressed as interval parameters, fuzzy sets and
modeled scenarios. Summarily, MIFCP has its significant contributions for management of
WEFN system: (a) it can effectively handle the conflicts and hierarchical relationships among
multiple decision departments (i.e. water department, energy department and agricultural
department); (b) it can simultaneously take the hierarchical order of multiple decision-making
departments, as well as multiple uncertainties caused by subjective experience, economy

fluctuation and system error into account.

Then, a MIFCP-WEFN model is developed for planning the WEFN system of Henan Province,
China, in which three decision targets (i.e. system benefit, water resources utilization and energy
consumption) are included. In detail, the water resource sector focuses on the minimization of
irrigated water consumption, the energy sector purses the minimization of energy consumption,
and the agricultural sector aims at achieving the maximization of system benefit. Besides, five
scenarios with different decision makers’ objectives and five a levels corresponding to different
necessity degrees are also considered. Moreover, based on the comparative analyses, the
superiority of MIFCP compared to other inexact optimization methods, and the accuracy of the
results between MIFCP-WEFN model and actual situation, will be validated to demonstrate the
effectiveness of the study. Results will help decision makers: (a) address multiple conflicts and
multi-uncertainty of WEFN system in a hierarchical order; (b) discern optimal WEFN schemes
among system benefit, water resources utilization, energy consumption, environmental
mitigation and land use; (c) provide decision supports for managing water, energy and food in a

water-safely, food-reliably and energy-efficiently way.

1.5 Objective



The main objective of this study is to propose a MIFCP method for configuring the water, energy
and food resources in a hierarchical order under uncertainty. The MIFCP-WEFN model is
developed for a complex interrelated network connected by multiple decision-makers, multiple
components and multiple uncertainties, as described in Figure 1. The surplus of the article can be
dissected into five parts: Section 2 proposes the formulation and solution process of MIFCP;
Section 3 introduces the basic situation of Henan Province and illustrates development of
MIFCP-WEFN model; Section 4 describes the results by the application of MIFCP method;
Section 5 gives the discussions of superiority and accuracy validation; Section 6 depicts the main

conclusions and extensions.
2. Methodology

Decision maker is responsible for allocating agricultural water resources within a maximum
system benefit. Energy and food resources, as the two supporting elements for the sustainable
agricultural water resources management, cannot only consume a large amount of water
resources but also affect the transfer of virtual water. Multi-level programming (MP) is effective
for dealing with hierarchical relationships among multiple decision managers in a hierarchical

order. A general MP model can be described as:

Min R, (X,,%,,%; ) (1a)

where x, solves:

Min Fy, (X,,%,,X;) (1b)

where x, solves:

Min F_ (X, %,,%;) (1c)
subject to:
G ={(%, %, %) 19 (X, %, %) <0,i=1,2,K ,m, x,%,,X, >0} (1d)

wherex, e R™, x, e R™ and x, € R™. These variables are divided into multiple levels:



upper-level (x, eR™), middle-level (x, <R™), and lower-level (x,R™) variables; the
R, :R"xR“xR™ >R, F,:R"xR”xR™ »>R,andF_:R™xR"™xR™ —R are upper-,
middle-, and lower-level objective functions; G is the multi-level restricted group. In the MP
model, upper-level decision maker (UDM), middle-level decision maker (MDM), and

lower-level decision maker (LDM) follow the coordination and feedback of Stackelberg game
(Emam, 2006) [36].

Although MP can efficiently address contradictions among different decision makers (e.g.,
agricultural, energy and water) at different decision-making levels, it is incapable of handling
uncertain system coefficients such as the fluctuated crop and seed price, dynamic water resources
consumption. In real-world agricultural water resources management, some system coefficients
(e.g., fertilizer and pesticide utilization) and constraint conditions need to be estimated. Fuzzy
credibility-constrained programming (FCP) approach devised by Liu and Liu (2002) [37] has
been frequently applied to handle ambiguous system parameters by using fuzzy set theory (Zeng
etal., 2014; Li et al., 2015; Veiseh et al., 2018) [38, 39, 40]. Moreover, some economic
parameters are affected by the socio-economic, political and technical factors, which can hardly
be quantified as fuzzy sets but can be presented as interval values through using the interval
parameter programming (IPP) technique (Nie et al., 2016; Yu et al., 2018) [41, 42]. By
integrating IPP into FCP, an interval fuzzy credibility-constrained programming (IFCP) can be

described as:

Max f*=>"cx; (2a)
j=1
subject to:
Cr{Za}xj+ Stofb}zai,X; >0 (2b)
j=1

where %2 is fuzzy coefficient with fuzzy-interval membership function,

7%= (", b; b5 ) = {[bl’,bf},[b;,b;],[b;,b;]} and a: are interval coefficients with upper and
lower bounds, aji = [aj’, aj*] . Equation (2b) can be transferred as follows:
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1 Jif Zajixj <b’

2b§—bf—iajixj
: 2(b; —b; -

Cr{Za.ﬁx. st%}: ( bl) (2¢)

zajixj_bSi n
2~ ifby <Yy ax <h;
2(b; ~b;) " ;a’x’ ’

0 Jif by <> a)x

Generally, the significant credibility level A should be greater than 0.5. Thus, for each0.5<a <1,

we have:
: o 2b; —by - a;x,
CriYaix <bP!l= = >a 2d
B <)y o
Then,
> ayx; <b; +(1-22)(b; —b;) 2€)
j=1

Integrating MP into IFCP, a multi-level interval fuzzy credibility-constrained programming
(MIFCP) method can be developed as:

Upper level:

Min F* (x5, x5, x& (32)
' u (X%, %

Middle level:

Min R, (X5, %, X; (3b)
e M X Xo e X

where x; solves:

Min F (%, %5, %3 ) (3¢)



subject to:

6" ={(5 % ) IOr A (0X <8 (1]]> e i=1.2K ,m, .56 20,0, <[0.1]) (30

By discriminating the relationship between coefficient and variables, and the relationship
between objective function and constraints, an interactive algorithm is put forward to solve the
model (3) (Lv et al.,2010) [43]. Therefore, the model (3) can be described as:

Min ;" (%7, %5, %; ) (4a)

Min Fy (X%, ) (4b)

Min F* (xfxzix;) (4c)
subject to:

G* ={(xf,xj,x§)|Cr[Ai(t)Xi <b’ (1) ]> @, i=L,2.K ,m, x',%,% >0, e[O,l]} (4d)

3. Application

Henan Province (11021'-116 <89'E, 3123'-3622'N) is located in the middle and lower reaches
of the Yellow River in the south of the North China Plain, covering an area of 167,000 km?. In
recent years, Henan province has been deemed as the farm production basis and the economic
and wealth center of the Central Plains (Wang and Zhang, 2013) [44]. The number of workers,
scholars and residents has risen in a straight line due to pursuing more entrepreneurial and job
opportunities in the study area. At the beginning of 2018, the population living in Henan
Province has reached 90.5 million with an average annual growth rate of 6.15%. (SBHM, 2017,
HPPG, 2017) [45, 46]. Similarly, the problems of energy shortage and environmental pollution
become increasingly prominent (Wang et al., 2016) [47]. As an important guarantee for
enhancing the people's living standard and stable economic development, agriculture should be
paid more attention (Ma and Li, 2010; Cai et al., 2019) [48, 49]. Therefore, upgrading
agricultural planning structure and improving agricultural production capacity, which can handle
the food safety and demand caused by population growth, is an extremely urgent issue (Zhang et
al., 2018) [33].
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For a real-world WEFN system, there are multiple components, multiple sectors and multiple
uncertainties associated with various decision makers. The management of WEFN system not
only considers the profit of the entire system but also balances contradictions among agricultural,
water and energy resources sectors according to different decision-making priorities. Besides,
agricultural activities are subjected to some factors (e.g. market price fluctuations, dynamic
demand-supply balance and subjective experience), which can lead to some system errors. Based
on the MIFCP method, a MIFCP-WEFN model is established for planning the WEFN system of
Henan province, China. In the MIFCP-WEFN model, some agricultural activities (i.e. crop
cultivation, crop processing, food production, food transportation) in association with some
constraint limitations (i.e. fertilizer utilization, pesticide utilization, energy consumption for
farming, water consumption for irrigation) are considered. Three decision targets (i.e. system
benefit, water resources utilization and energy consumption) are selected. As depicted in Figure 1,
the MIFCP-WEFN model covers three decision makers: the UDM hammers at irrigation water
management; the MDM concentrates on energy allocation for agricultural activities; the LDM is
limited by the agriculture department that pay more consideration to accomplishing a maximized

system benefit.

The target of LDM is to maximize the system benefit of agricultural production subjected to a
series of constraints. The system benefit involves many agriculture-related activities which cover
the revenues for agricultural products, costs for fertilizer, irrigation, pesticide, films, seeds and

energy consumption (Tang et al., 2019) [50]. The low-level objective is:

Max f,* :(1)—[(2)+(3)+(4)+(5)+(6)+(7)] (5a)
(1) Revenues for agricultural products, which consist of the unit price of major farm products

(OMP‘f ) and the output of major farm products (OMFPj ):
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6 9
D> SAF* xOMFP* x OMP* (5b)
tzl v:l v tv tv
(2) Costs for irrigation water, which consist of the effective utilization factor of irrigation water
(n), the agricultural water quota of each crop (AWva) and the irrigation water price (WR™):

6 9
D SAF S xi7x AWQ* xWR? (5¢)
t=1 v=1 ! v
(3) Costs for fertilizers, which consist of the effective use coefficient of chemical fertilizer (),

the consumption of chemical fertilizer for each crop (CCFAfV) and the unit price of chemical
fertilizer (CFR*):

6 9
D Y SAF* xxCCFA" xCFR’* (5d)
t=1 v=1 ! v
(4) Costs for pesticides, which consist of the spraying pesticide effective utilization factor (),

the consumption of pesticides for each crop (CCPAfV) and the unit price of pesticides (ECP*):

6 9
D > SAF* x 9xCCPA® x ECR’ (5€)
t=1 v=1 ! v
(5) Costs for agricultural films, which consist of the unit price of plastic film use for agriculture

(PFAP®):

6 9
D > SAF* x PFAR’ (5f)
t=1 v=1 '

(6) Costs for electricity consumption of agricultural machinery, which consist of the effective

utilization factor of energy (¢ ), the unit price of plastic film use for agriculture (PAM,") and the
unit price of power of agricultural machinery (ER*):

6 9
D SAF* xpx PAM, xER’ (59)
t=1 v=1 .
(7) Costs for seeds, which consist of the unit price of crop seed ( SEDPj ):
6 9
ZZ SAFj X SEDPj (5h)
t=1 v=1 ' ’

The objective of MDM is to minimize the energy consumption for agriculture activities,

including the average energy consumption per km” (PAM*) and generalized utilization

efficiency (¢ ) for agriculture activities involving transmission and conversion loss:

6 9
Min PAM; =" SAF* xpx PAM (6a)

t=1 v=1
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f = (0-[(2)+(3)+(4)+(5)+(6)+(7)] (6b)

The objective of UDM is to minimize the irrigation water for agriculture activities, including the

agricultural water quota of each crop (AWQ;,,) and the effective utilization factor of irrigation

water () covering the loss of intake, transfer and delivery:

6 9
Min ITW, = > > SAR, x AWQ;, x77 (72)

t=1 v=1

£ = ()-[(2)+(3)+(4)+(5)+(6)+(7)] (7b)

The constraints of WEFN system include the aspects of water, energy, food, land, and

environment.

(1) Land use constraint: the distributed land of each crop in the planning horizon should be less

than the net cultivable area of claim ( SAF;™*) but should be larger than the basic food
production (SARJ™).
SAF;"™ <SAF* (8a)
SAR;™ > SAF* (8b)

(2) Irrigation guarantee constraint: The total irrigation water for ensuring the normal growth of

all crops must not exceed the claim water availability, which covers the agricultural water quota

of each crop (AWQ;, ) and the effective utilization factor of irrigation water (7).

9
ZSAFj X AWQfV xn < IWS; 9)
=1 ' '
(3) Fertilizer environment constraint: The spreading chemical fertilizers covering the
consumption of chemical fertilizer for each crop (CCFA, ) and the effective use coefficient of

chemical fertilizer () will cause nitrogen and phosphorus pollution, which should be controlled
within the standard range (TCIfti ). Such constraint is set as a fuzzy inequality to express decision

makers’ subjectivity and satisfaction.
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9 ~
Cr {Z SAF,, xCCFA', x0 sTCE*} >a"

L (10)
D SAF;, xCCFA!, x0 <TCF* + (1- 2" )(TCR* -TCE?)
v=1

(4) Pesticide environment constraint: The spraying pesticides covering the consumption of

pesticides for each crop (CCPA, ) and the spraying pesticide effective utilization factor (9 ) will

bring about COD and eutrophication environmental pollution, which must not exceed the
allowable value (TEC;"). Such constraint related to crop yield and growth is set as a fuzzy
inequality to illustrate decision makers’ subjectivity and satisfaction.
9 ~
Cr {Z SAF, xCCPA", x §< TECf} >a"
. (11)

D SAF,, xCCPA, x 9<TEC; + (1- 2o )(TEC; —TEC/)

v=1
(5) Food security constraint: Guarantee the stable supply and demand of local food and the

normal life of the people, which are considered according to local basic food requirement ( Fva )

and social population.
SAFj xOMFPj + PAJfV > FDfV (12)
(6) Energy security constraint: The total energy consumption involving the power of agricultural

machinery (PAM;") must be kept below the energy allocated to the agricultural department

(PAME;).

9
) SAF* x PAM;" < PAME; (13)

v=1
(7) Total Area of agricultural constraint: The total cultivable area of all crops must be not exceed
the maximum available cultivable area (TTSAF™).

9
D SAF® <TTSAFR® (14)
-1 i
(8) Agricultural films environment constraint: The utilization of agricultural films covering the
unit consumption of agricultural film (CAFj) will cause plastic environmental pollution, which

must be lower than the allowable value (TEAF”).

9
) SAF* xCAF* <TEAF! (15)

v=1
(9) The constraint of Energy for agricultural machinery security constraint: The mechanical
power to supply agricultural farming activities (i.e. sown, harvest, transport and process) must be
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controlled within the available total power of agriculture machinery ( EAAMti ).
9
{Z SAFfijAMf <EAAM (16)
-1 Y

(10) The constraint of energy availability in agricultural irrigation activities: The mechanical
power to guarantee the supply of irrigation water (i.e. pumping, transfer and delivery) should be

lower than the power availability (EAW,").

9
D EWW* <EAW (17)
v=1 !

(11) Nonnegative constraint: The decision variables in the solution process should be positive,

eliminating infeasibilities while calculating the solution.

SAF* >0 (18)

The model’s decision variables are the sown area of farm crops under different planning periods

(SAFi ). In this study, the leader-follower-interactive solution algorithm will be applied for

solving this MIFCP-WEFN problem, in which the resulting linear programming model with
crisp parameters will be solved through the simplex algorithm (Dantzig, 1955; Cottle and
Dantzig, 1970; Dantzig, 1982) [51, 52, 53]. The concept of satisfactory degree would be used to
measure what extent the objective reaches its optima and the constraints were satisfied. The
leader can achieve a satisfactory solution by adjusting the followers’ limits of satisfactory
degrees, and then an overall satisfactory balance among the three levels was obtained (He et al.,
2018) [54].

The nomenclature of other parameters and variables are shown as follows. Superscript “+”
means the interval value with lower and upper bounds; superscript “~"means fuzzy sets; t
presents planning periods, t = 1-6 are from 2020 to 2025; v presents crop types, v = 1-9 are rice,
wheat, corn, beans, tuber, oil-bearing crops, cotton, vegetables and fruits, respectively; f* is

the system benefit of the entire planning horizon (10° RMB ¥; 77 is the effective utilization
factor of irrigation water; @ is the effective utilization factor of energy; @ is the effective

utilization coefficient of chemical fertilizer; 9 is the spraying pesticide effective utilization

factor; AWQ' s the agricultural water quota of each crop (m*km?); CAF’ is the unit

consumption of agricultural film (kg/km?); CCFA’, is the consumption of chemical fertilizer
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for each crop (kg/km?); CCPA, is the consumption of pesticides for each crop (kg/km?);
CFR* is the unit price of chemical fertilizer (RMB ¥kg); ECP* is the unit price of pesticides
(RMB ¥kg); EP* is the unit price of power for agricultural machinery (RMB ¥ KWh);
EAW,* is the maximum allowable total power for irrigation collection and delivery (KWh);
EWW,,, is the power for irrigation collection and delivery (KWh); EAAM;," is the maximum
allowable total power for agricultural machinery security (KWh); FDfV is the food demand for
each crop (kg); ITW™* is the total agricultural irrigation-water consumption (m®); WS is the
maximum allowable total agricultural irrigation-water consumption (m®); OMFP" s the output
of major farm products (kg/km?); OMPj is the unit price of major farm products (RMB ¥kg);
PFAP* s the unit price of plastic film use for agriculture (RMB ¥km?); PAM_ is the power
of agricultural machinery (KWh/km?); PAME; is the the maximum allowable total power
(KWh); PAJfV is the purchased crops (kg); SAF’ is the sown area of farm crops (km?);
SARI™ is the minimum area of farm crops (km?); SAFJ™* is the the maximum area of farm
crops (km?); SEDPj is the unit price of crop seed (RMB ¥km?): TCF* is the total limited
consumption of chemical fertilizer (kg); TEC,® is the total limited consumption of pesticides
(kg); TTSAF* is the maximum allowable total area of agriculture (km?); TEAF" is the total
limited consumption of agricultural films (kg); UAM{" is the unit power for agricultural

machinery security (KWh/km?); WP* is the irrigation water price (RMB ¥m®).

The detailed nomenclature for abbreviation is depicted in Appendix A. In this paper, the
interrelated crop yield, electricity and water resources consumption of agriculture, as well as
economic parameters were collected from the statistical yearbook of Henan province (SBHM,
2017) [45]. The demand and supply of energy, water and food resources were obtained from the
Thirteenth Five-Year Plan (i.e. 2016-2020) of Henan Province (HPPG, 2017) [46]. The other
coefficients were discovered from the related published papers (Veiseh et al., 2018; Li et al.,
2019a, 2019b; Zeng et al., 2019) [40, 30, 39, 28]. As shown in Table 1, five scenarios were
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considered: scenario 1 (S1) takes the maximum system benefit of agriculture as the target of the
LDM; scenario 2 (S2) and scenario 3 (S3) set up the minimum water consumption and the

minimum energy consumption in agriculture as objectives of the UDM and MDM, respectively;
scenario 4 (S4) aims at achieving the maximum satisfactory degree between S1 and S2; scenario

5 (S5) aims to obtain the maximum satisfactory degree among S1, S2 and S3.

The planning horizon was six years corresponding to years 2020-2025. In addition, five
credibility levels (i.e. « = 1.0, 0.9, 0.8, 0.7, 0.6) were also examined. Table 2 shows the
crop-related parameters, such as agricultural water quotas, cost of crops, cost of seeds, pesticide
and fertilizer demand of crops. Tables 3 and 4 illustrate the sown area of farm crops and crop
yield of each crop, respectively. Apart from the above, the total water consumption for
agricultural irrigation was acquired from the Water Resources Department of Henan Province
(WRDHP, 2017) [55]. In addition, water consumption for each crop was obtained from the
Agricultural Basic Water Quota of Henan Province (HBQTS, 2014) [56].

4. Result Analysis
4.1 Crop land allocation

Figure 2 presents the cultivated area of various crops under five scenarios and six periods.
Generally, a decrease in the cultivated area of rice, corn, bean, tuber, and cotton would be found
along with the planning periods, whereas the cultivated area of wheat, oil-bearing crops,
vegetables, and fruits would increase with time. For example, as shown in Figure 2a, over the
planning horizon under S1, the cultivated area of rice would decrease 369 km? while the

cultivated area of vegetables would increase 348 km?, respectively. This is because the profit and
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cost of different crops would change with periods, which would also be controlled by demanding
side from the masses. The above outcomes indicated that the decision makers would need to
modify the planting strategy according to the local soil fertility, climatic conditions, agricultural
subsidy policy, as well as irrigation infrastructure. In addition, the cultivated area of high-yield
fertilizers and pesticides would decrease due to the limitation of environmental pollution capacity.
While in contrast, there would be a significant increase in the cultivated area of crops, which
would bring about more profit and result in resource scarcity at the same time. Figure 2h
illustrates that the cultivated area of vegetables in period 1 under S1 and S2 would be 16,470 km?
and 13,606 km?, respectively. This is because the decision objectives under S1 and S2 were
inconsistent, which respectively aim to achieve the maximum system benefits and minimum
irrigation water volumes of the agricultural system. The above results could provide
decision-making references in a single hierarchy. However, the SLP method could not solve the
contradictions among two or more hierarchies. Besides, the optimization results might be
affected by different leadership-followership relations among multiple hierarchies. For example,
the cultivated area of vegetables under S4 would increase by 5.7% and decrease by 4.3%
compared to S2 and S1 because of the decision objectives which took the conflicts between
water and food into consideration. In detail, the water sector (i.e. the UDM sector) could guide
decisions for the agricultural sector (i.e. the LDM sector), and the agricultural sector could make
corresponding feedback mechanisms to adjust its planting structure, and then finally achieve the
maximum satisfaction between the UDM and LDM. Comparably, the results also implied that
the cultivated area of vegetables would increase from 15,064 km? (S3) to 15,439 km? (S5) and
decrease from 15,751 km? (S4) to 15,439 km? (S5). This is because S5 aimed at maximizing
system benefits of the agricultural sector by the leadership of the water and energy sectors. In
summary, compared to the SLP method, the MP method would provide effective strategies in

addressing different hierarchies by various sectors.

4.2 Water irrigation
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The rapid development of agriculture is inseparable from the stable supply of water resources,
therefore the research on agricultural irrigation water volume would be urgent. Figure 3 presents
the irrigation water volume of different crops under various periods and scenarios. Irrigation
water volume would be changed as a result of the adjustments in crop planting pattern. For
instance, as displayed in Figure 3b, the irrigation water volume of wheat would decrease from
4,867 x<10° m® to 4,824 =< 10° m® under S1 during the planning horizon, indicating that the
promotion of irrigation efficiency had a passive influence on irrigation water volume. The reason
for this was that the improvement of irrigation technology could lead to the reduction of water
consumption, as well as the cost in per unit land, even though the cultivated area would be
increasing at the same time. In addition, Figure 3h presents the irrigation water volume of
vegetables under six scenarios in period 1. Results indicated that variations in decision targets
would impact the irrigation water volume. For example, irrigation water volume of vegetables
would range from 2,001 x10° m® (S2) to 2,213 =<10° m* (S1), meaning that taking the maximum
system benefit of agricultural as the decision target would have a promoting influence on
irrigation water volume. Furthermore, the irrigation water volume of vegetables in S4 would be
approximately 5.7% higher than that in S2. This is because, under S4 (i.e. bi-level target: the
maximum satisfactory degree of water-food nexus), the BP would achieve balance between the
maximum system benefit and minimum irrigation water of the agricultural system. Moreover, the
irrigation water volume of vegetables would decrease 42 x10° m® from S4 to S5 in period 1.
This is because, under S5 (i.e. multi-level target: the maximum satisfactory degree of
water-energy-food nexus), the MP would be an effective alternative to achieve the compromise
among the maximum system benefits, the minimum irrigation water volume, and the minimum

energy consumption of the agricultural system.

4.3 Fertilizer consumption

In the actual planning management of agricultural water and soil resources, the irregular and

unregulated consumption of chemical fertilizers could cause a large range of non-point source
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pollution and endanger the water environment. Figure 4 illustrates the fertilizer-utilization
alternatives for each crop under different periods and scenarios. For example, the total fertilizer
consumption of vegetables would change from 8,061 x10° kg to 8,102 x10° kg during the
planning horizon. Results indicated that vegetables would take the priority in using fertilizer
owing to the higher system benefits and lower consumption of water resources. In addition, the
policy for discharge of pollutants would limit the consumption of chemical fertilizers and
increase the purity of chemical fertilizers, which could correspondingly reduce the agricultural
non-point source pollution. For instance, in period 1 under S1, fertilizers allocated to cotton and
tubers would be 55.5 x10° kg and 81.9 = 10° kg, respectively; comparatively, in period 1 under
S4, the consumption of fertilizers allocated to cotton and tubers would respectively be 54.3 x<10°
kg and 80.2 x10° kg due to the variation in decision makers” attitudes (i.e. changing from the
maximum system benefit to the minimum water resource consumption). Results implied that the
consumption of fertilizers in S4 would increase accordingly compared to that in S2 due to the
feedback adjustment of the lower-level agricultural sector aiming at maximizing the system

benefits.

4.4 Pesticide utilization

Nowadays, as the demand for agricultural products continues to expand, it is indispensable to
allocate water and food resources reasonably and use pesticides rationally. Figure 5 presents the
proportion and volume of pesticide utilization for different crops in different periods under S1.
As shown in Figure 5a, the proportion of pesticide utilization for wheat, corn and vegetables
would be relatively higher than other crops in accordance to their cultivated area. For example,
over the planning horizon, the volume of pesticide utilization for vegetables would decrease by
2.8 x10° kg because of the increasing efficiency of fertilizer utilization. Results also indicated
that relevant departments would regulate relevant policies for discharge of pollutants to strictly
control the amount of spraying agricultural pesticides in order to ensure the food safety and

create a sustainable environment. Meanwhile, since diff erent scenarios were employed to

20



different pesticide-utilization levels by various sectors (i.e. water resources sector, energy sector
and agricultural sector), different scenarios would generate various pollutant emissions. For
example, the total optimal pesticide-utilization in period 1 would be 126.13 x10° kg (S1), 119.11
=10° kg (S2) and 120.51 = 10° kg (S3), respectively. In addition, under S5 (i.e. multi-level target:
the maximum satisfactory degree of water-energy-food nexus), the total consumption of spraying
pesticide would be about 3.4% lower than that in S1 and approximately 0.9% lower than that in

S4, respectively.

4.5 Total cultivated area

Figure 6 illustrates the variation tendency of the total cultivated area under the same credibility
(a=1) in period 1 and S1, respectively. As revealed in Figure 6a, when a = 1, the total cultivated
area would respectively be [125.87, 133.92] x<10° km? (S1), [118.92, 126.06] x10% km? (S2) and
[122.71, 130.34] < 10° km? (S4), which meant that different decision targets would result in the
fluctuation of total cultivated area under various scenarios. Besides, the total cultivated area in
period 1would decrease from [122.71, 130.35] x<10° km? (S4) to [121.63, 129.07] = 10° km? (S5)
and increase from [120.32, 127.55] x<10° km? (S3) to [121.63, 129.07] %< 10° km? (S5). This is
because, the decision target under S3 could be restricted by the supply of electricity, which
would lead to the insufficient energy consumption of agricultural machine. Results also indicated
that reducing the consumption of agricultural electricity would achieve the maximum system
benefit and the minimum water utilization. As shown in Figure 6c, the total cultivated area under
S1 would decrease from [126.40, 134.70] x10%km? to [124.83, 133.45] x10°km? over the
planning horizon, illustrating that the restrictions of pesticides and chemical fertilizer

consumption would have a negative effect on the total cultivated area.
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4.6 System benefits

Figure 7 presents the system benefits under different scenarios, credibility levels and periods.
Results indicated that the system benefits would change from [300.08, 351.54] x10° RMB ¥to
[532.93, 623.94] < 10° RMB ¥ As shown in Figure 7a, the highest system benefit would occur in
S1 when o = 0.6; on the contrary, the lowest system benefit would exist in S2 when o = 1.
Besides, system benefits would gradually increase with time in accordance to the increment of
crops yield and the decrement of chemical fertilizer consumption. Figure 7d details the changes
in system benefits under five scenarios and six periods when « = 1. For example, the system
benefits in period 1 would reduce from [320.89, 375.91] x<10° RMB ¥(S1) to [300.08, 351.54] %
10° RMB ¥(S2). This is mainly because the decision target of S1 aimed at achieving the
maximum benefit while S2 sought for the minimum water utilization. Moreover, compared to the
SLP model (i.e. S1 and S2), the MP model (S5) would also change the system benefits. For
example, the system benefits in period 1 would decrease from [320.89, 375.91] x10° RMB ¥
(S1) to [307.87, 360.67] =< 10° RMB ¥(S5) and increase from [300.08, 351.54] x10° RMB ¥
(S2) to [307.87, 360.67] x10° RMB ¥(S5). This is because the decision target of S5 integrated
the targets of S1, S2 and S3 into one framework, which would generate the compromised

solutions among different hierarchies by water, energy and food sectors.

5. Discussion
5.1 Accuracy validation

In this study, the model’s results were validated by the local government plan (i.e. 13" Five-Year
Plan of Henan Province for Agriculture) (HPPG, 2017) [46]. For instance, the consumption of
irrigation water and spraying pesticides would show decreasing trends during the planning period,
which would be consistent with the local government plan. Besides, the yield of cotton would

keep a decreasing trend while grains, vegetables and fruits would take increasing trends, which
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would be consistent with the actual situation. According to the requirement of “13™ Five-Year
Plan of Henan Province for Agriculture”, the annual production of grain (i.e. rice, wheat, corn,
beans and tubers) would keep at 54.27 x10° kg by 2020, which is located within the range of
[50.85, 57.35] x<10° kg from the MIFCP-WEFN model. Moreover, the annual production of
oil-bearing crops and vegetables by 2020 would be controlled within 50.10 <10° kg and 62.63 x
10° kg, respectively; comparably, the yields of oil-bearing crops and vegetables would
respectively be [50.52, 58.87] x<10° kg and [63.75, 70.53] x<10° kg under the MIFCP-WEFN
model. It is mainly because MIFCP-WEFN would not only take the interest of agricultural sector
(i.e. maximized system benefit) into account, but also protect the rights of water and energy
sectors (i.e. minimized consumption of water and energy resources). Based on the accuracy
validation in a real-world WEFN system of Henan Province, it can be concluded that the
MIFCP-WEFN model could apply to the regional-scale as well as other scale WEFN planning
issues in terms of the model’s complexity and uncertainty. Therefore, effective solutions for
planning the WEFN system of Henan Province could be achieved by the MIFCP-WEFN model.

5.2 Comparison with single level programming (SLP) and bi-level programming (BP)

approaches

Figure 7d describes the compared results of system benefits among SLP, BP and MIFCP-WEFN
model when a = 1. Results implied that the system benefit acquired from BP would be in the
range of UDM and LDM. For example, as shown in Figure 7d, the system benefit of BP in
period 1 would be [311.43, 364.83] < 10° RMB ¥under S4, [320.89, 375.90] x<10° RMB ¥under
S1 and [300.07, 351.54] < 10° RMB ¥under S2, respectively. This is because the decision-maker
in BP focused on the common interests of maximum system benefit and minimum water
consumption, while the decision-maker in SLP merely took their individual interest into
consideration. Figure 7d also presents the compared system benefits from BP and MIFCP-WEFN
model . The system benefit in BP (S4) and MIFCP-WEFN (S5) would be [311.43, 364.83] x<10°
RMB ¥and [307.87, 360.67] x10° RMB ¥(S5), respectively. It is mainly because the system
benefit in BP merely took water resources and agricultural sectors into account, which was
concentrated on the counterpoise of water consumption and economic performance. Nevertheless,

the MIFCP-WEFN model aimed at exploring the most appropriate tradeoffs among water
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conservation, energy consumption and economic performance. In other words, in the
MIFCP-WEFN model, the water-resource sector as an up-level decision maker would lead the
energy sector (the middle-level decision maker) and agricultural sector (the low-level decision
maker) to make some decisions, meanwhile, the energy and agricultural sectors would make
corresponding adjustments and feedbacks to the water-resources sector. Thus, the MIFCP-WEFN
model would be superior to the SLP and BP approaches in dealing with multiple hierarchy issues
existing in MIFCP-WEFN model.

6. Conclusions

In this study, a MIFCP method has been exploited by merging with MP, FCP and IPP into one
framework. MIFCP is not only effective for dealing with uncertainties expressed as interval
parameters and fuzzy sets but also effective for handling conflicts and hierarchical relationships
among multiple decision departments. Based on the MIFCP approach, a MIFCP-WEFN model
has been formulated for planning the WEFN system of Henan Province. Solutions of three
different decision targets in various hierarchy levels, five scenarios with different decision
makers’ objectives and five a levels corresponding to different necessity degrees have been
examined. Several findings in association with various planting structures, water resources
demand, energy consumption, fertilizer and pesticide utilizations and system benefits have been

achieved.

Based on the MIFCP-WEFN model, results indicated that a) the future total irrigation-water
would decrease by 1.5% from years 2020 to 2025; b) the total cultivated area would change by
1.9% owing to the variation of fertilizer and pesticide change. Compared to SLP and BP
approaches, the MIFCP-WEFN model would help decision-makers identify the optimal
agricultural water resourceses management schemes by means of the leadership of water
resources managers as well as the feedback of two diverse followers (i.e. energy managers and
agricultural managers), which would avoid the subjective opinions from only one type of

decision-makers and make tradeoffs from diverse decision-makers or managers.

Although the MIFCP-WEFN model could deal with contradictions among various
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leadership-followership relations under multiple levels and multiple uncertainties. However, in
real-world WEFN management problems, the flow of natural surface water may be affected by a
variety of factors from climate, topographic and other aspects, thus the stochastic programming
shall be adopted in response to such problems. Besides, in this study, only one water resource (i.e.
surface water) were considered, and the other water resources such as groundwater, diverted
water and reclaimed water shall be further considered in order to improve the applicability of the

MIFCP-WEFN model.
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